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ABSTRACT 
 
 
 
 
Carbon dioxide (CO2) removal is important in industry to optimize the capital 
and the operating costs of a process, to meet gas specifications and also for 
environmental purpose. The most developed CO2 capture technology that the 
separation process can be easily adapted to the existing plant is pre-combustion 
capture. In natural gas industry, amine absorption method is widely used in pre-
combustion capture technology (sweetening) to remove the CO2 from natural gas. 
However, due to amine corrosive nature, alternative is needed for CO2 separation. 
Therefore, emulsion liquid membrane (ELM) was introduced to overcome the 
corrosion problem. However, separation ability of emulsion needs to be investigated. 
In this study, water in oil (w/o) emulsion was prepared. 2-amino-2-methyl-1-propanol 
(AMP) and methyldiethanolamine (MDEA) in sodium hydroxide solution form an 
aqueous phase. The organic phase consists of a mixture of kerosene and Span-80 as 
surfactant. In this study, the effects of amines mixture concentration, Span-80 
concentrations and retention time on CO2 absorption capacity were investigated. ELM 
was prepared by homogenizing the aqueous phase into the organic phase at speed of 
10 000 rpm for 5 minutes. For CO2 absorption study, 200 ml of ELM was tested in a 
rotating disc contactor column with the supply of 20 psig CO2/CH4 gas mixture. The 
stability of the MDEA-AMP emulsion was determined and the CO2 absorption by the 
emulsion was measured. This study showed that using 8% v/v MDEA and 4% v/v 
AMP with 6% v/v Span-80, 64.98% of CO2 was removed at  the emulsion stability of 
78.00%. This study also proved that the presence on amines did not lead to any 
corrosion of the stainless steel. 
  
vi 
 
ABSTRAK 
 
 
 
 
Penyingkiran karbon dioksida (CO2) adalah penting dalam industri bagi 
mengoptimumkan kos modal dan kos operasi, serta memenuhi spesifikasi gas dan juga 
untuk tujuan alam sekitar. Teknologi tawanan CO2 yang paling membangun yang 
mana proses pemisahan boleh dijalankan dengan mudah dan disesuaikan dengan loji 
sedia ada adalah teknologi tawanan pra-pembakaran. Dalam industri gas asli, kaedah 
penyerapan amina digunakan secara meluas dalam teknologi tawanan pra-pembakaran 
untuk menyingkirkan CO2. Walau bagaimanapun, disebabkan sifat hakisan amina, 
kaedah alternatif diperlukan untuk penyerapan CO2. Oleh itu, cecair membran emulsi 
(ELM) diperkenalkan untuk mengatasi masalah hakisan ini. Namun, keupayaan 
pengasingannya perlu dikaji. Dalam kajian ini, emulsi air dalam minyak (w/o) telah 
disediakan. Fasa akueus mengandungi 2-amino-2-metil-1-propanol (AMP) dan 
metildietanolamina (MDEA) dalam larutan natrium hidroksida. Fasa organik pula 
mengandungi campuran kerosin dan Span-80 sebagai surfaktan. Dalam kajian ini, 
kesan kepekatan campuran amina, kepekatan Span-80 serta masa tahanan terhadap 
kapasiti penyerapan CO2 telah disiasat. ELM telah disediakan dengan cara 
penghomogenan fasa akueus ke fasa organik pada kelajuan 10 000 rpm selama 5 minit. 
Untuk kajian penyerapan CO2, 200 ml ELM telah diuji di dalam turus penyentuh 
cakera berputar dengan bekalan aliran 20 psig campuran gas CO2/CH4. Kestabilan 
emulsi MDEA-AMP telah ditentukan dan penyerapan CO2 oleh emulsi telah diukur. 
Kajian ini menunjukkan bahawa dengan menggunakan 8% v/v MDEA dan 4% v/v 
AMP dengan 6% v/v Span-80, 64.98% daripada CO2 telah disingkirkan pada 
kestabilan emulsi 78.00%. Kajian ini juga membuktikan kehadiran amina, tidak 
mengakibatkan sebarang kakisan pada keluli tahan karat. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Research Background 
 
 
Natural gas is a mixture of hydrocarbon gases that mainly consists of methane 
as a major component and carbon dioxide (CO2), nitrogen (N2) and hydrogen sulfide 
(H2S) as minor components (impurities). As reported by Rufford et al. (2012), the 
natural gas needs to undergo treatment to remove the impurities before the natural gas 
saleable. The presence of carbon dioxide in transmission pipeline cannot exceed 3%. 
In LNG production cryogenic plant, the CO2 concentration in natural gas should be 
less than 50 ppmv before entering the plant in order to prevent the formation of dry ice 
which can cause severe operational problems in gas processing plant (Rufford et al., 
2012). The United Nation’s Intergovernment Panel on Climate Change (IPCC) stated 
that the concentration of CO2 in natural gas should be lower than 2% by volume in 
order to prevent any pipeline corrosion (IPCC, 2015). 
 
 
Removal of acid gas in natural gas can be done in several different processes 
namely physical absorption, chemical absorption, adsorption, and membrane 
separation (Mortaheb et al., 2012). Physical absorption occurs by contacting the gas 
mixture with the liquid solvent. The gas will diffuse into the liquid where the mass 
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transfer takes place at the interface between the liquid and the gas. The limitation of 
this process depends on the solubility of the gases, temperature and pressure. In 
chemical absorption, the absorbate that reacts with the substances need to be removes. 
It has limited absorption due to the stoichiometry of the reaction and the concentration 
of its reactant. In other condition, the physical absorption will combine with chemical 
absorption. Adsorption is another removal process that involved the adhesion of the 
molecules from a gas, liquid, or dissolved solid to a surface. Through this process, a 
thin film of the adsorbate formed on the surface of adsorbent. The latest technology 
that has been used nowadays is membrane separation due to its simplicity process, ease 
to control, and easy to scale up as compared to conventional technology. This 
membrane separation involves the separation of the gas or liquid via solid and 
relatively thin membranes in the molecular arrangements where it depends on the pore 
size of the membrane. 
 
 
In the sweetening process of the natural gas, the amines are usually used as 
reactant to absorb the carbon dioxide (CO2) and hydrogen sulphide (H2S). 
Monoethanolamine (MEA), diethanolamine (DEA), tri-ethanolamine (TEA), 
diisopropylamine (DIPA), methyldiethanolamine (MDEA), and diglycolamine (DGA) 
are common type of amines used for acid gas removal. However, amine based 
absorption technique has also some disadvantages where the CO2 loading capacity is 
low, corrosion may occur and amine is degraded after several treatment. Thus, to 
overcome low loading capacity, a mixture of primary or secondary alkanolamine with 
tertiary alkanolamine is suggested in order to enhance the absorption ability of amine. 
This blended technology combines the higher equilibrium capacity of the tertiary 
amine for CO2 with the higher CO2 reaction rate of the primary or secondary amine 
(Chakravaty et al., 1985).  As reported by Aroua et al. (2002), lower reaction rate 
between CO2 and MDEA was overcome by the addition of a sterically hindered amine 
like 2-amino-2-methyl-1-propanol (AMP) due to the fast reaction that gives high CO2 
absorption. 
 
 
In addition, the presence of acid gases (CO2 and H2S) would further increase 
the corrosion rate. The carbonic acids produced for example, can induce the corrosion 
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of iron. Consequently, corrosion had become one of the major problems in industries 
where failure of the equipment such as absorber, tray or pipeline occurred, thus reduce 
the efficiency of the process. 
 
 
Recently, liquid membrane has been introduced as alternative way of CO2 
separation as compared to conventional separation. Liquid membrane gives high 
simultaneous purification and concentration of the solute. The separation occurs when 
the solute permeate through the liquid phase from a feed phase to the receiving phase 
(Kislik, 2010). The effectiveness of liquid membrane depends on the stability of the 
emulsion, diffusivity of the adsorbate that depends on the surface area and the 
thickness of membrane.  
 
 
 
 
1.2 Problem Statement 
 
 
Alkanaloamines such as monoethanolamine (MEA), diethanolamine (DEA), 
and methyldiethanolamine (MDEA) have been widely used in pre and post combustion 
CO2 capture especially in natural gas industry. However, the effectiveness depends on 
the rate of reaction between CO2 and the amine, and the absorption capacity. A primary 
amine like aqueous monoethanolamine (MEA) has been used widely because of its 
high reactivity and low solvent cost but this amine has low loading capcity of CO2. 
The CO2 loading in MEA is low which only 0.5 mol of CO2 per mol of amine. 
Compared to MEA, MDEA is a tertiary amine that has higher loading capacity of CO2 
(1mol of CO2/1mol of amine) but low in CO2 absorption rate (Mandal et al., 2001). 
Thus, blended amine has been introduces to further improve the performance of CO2 
absorption, by combining MDEA with MEA, DEA and piperazine, and AMP with 
MEA and DEA (Mandal et al., 2001). It was reported that AMP gave highly CO2 
absorption rate and high CO2 loading (Aroua et al., 2002). The CO2 loading in AMP 
is high (1 mol of CO2 /mole of amine), thus the blend of AMP with MDEA gives high 
results of CO2 absorption. However, the use of blended amine also causes corrosion 
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resulting in destruction of material or equipment because of the presence of acid gases 
such as CO2 (Gunasekaran et al., 2013).   
‘ 
 
Based on the above stated problem, alternative method is required for effective 
CO2 separation and at the same time it can prevent corrosion. Emulsion containing 
amine is a promising method where metal surfaces were protected from corrosion and 
at the same time able to remove CO2 using amine absorption. In the ELM technique, 
aqueous amine is sealed inside the non-corrosive, organic phase membrane of 
emulsion. Surfactant that stabilizes the emulsion also affects the stability and CO2 
absorption. Therefore, this research investigates the potential use of MDEA and AMP 
for CO2 absorption in emulsion liquid membrane. And parameters that affect the 
stability of emulsion and CO2 absorption were to be determined. 
 
 
 
 
1.3 Research Objective 
 
 
The objectives of this study are: 
1. To formulate a stable emulsion liquid membrane (ELM) containing a 
mixture of amine for CO2 removal and can overcome corrosion problem. 
2. To evaluate the performance of emulsion in carbon dioxide-methane 
separation in rotating disc contactor. 
 
 
 
 
1.4 Scope of Study  
 
 
In order to achieve the first objectives, the emulsion was prepared. MDEA and 
AMP selected as extractant whereas Span-80 was selected as a surfactant to stabilize 
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the emulsion. The stability of the emulsion was determined by conducting physical 
observation for the formation of sedimentation or phase separation within 24 hours to 
prove the effectiveness of emulsion. Corrosion study was also conducted to determine 
the effectiveness of emulsion in preventing corrosion using Corrosion Study Kit from 
SOLTEQ.   
 
 
To evaluate the efficiency of CO2 separation, rotating disc contactor (RDC) 
was used. A gas mixture of CO2/CH4 of ratio 70/30 was used and the amount of CO2 
absorbed was calculated from gas chromatography (GC) results.  
 
 
 
 
1.5 Significant of Study 
 
 
 This technique would be an option for CO2 separation. A suitable formulation 
that produces stable emulsion is able to prevent corrosion as well as performed well in 
CO2 separation. In general, appropriate emulsification produces small particles that 
provides large surface area for diffusion and separation, thus increase the performance 
for CO2 separation. The use of blended of amine such as tertiary alkanolamine 
(MDEA) and sterically hindered amine (AMP) would also improve the absorption of 
CO2. Therefore, the findings from this study on CO2 separation using emulsion liquid 
membrane provides an alternative for better improvement in the CO2 separation 
process. 
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1.6 Thesis Outline 
 
 
 This thesis consists of five chapters. The first chapter consists of research 
background, problem statement, the objectives and scope of the study. Chapter 2 
discussed a literature review about CO2, alkanolamines, CO2 capture technology and 
details about ELM. The materials and methods for ELM preparation, stability and 
performance of ELM were reported under Chapter 3. In Chapter 4, the results and 
discussion were presented.  This chapter discussed the stability of emulsion based on 
mixture of amine (MDEA/AMP) and surfactant (Span-80) concentration; viscosity of 
emulsion liquid membrane; the performance of ELM using various MDEA/AMP 
concentrations and surfactant (Span-80) concentration; absorption time; mass transfer 
coefficient; and the corrosion study. The final chapter provides conclusions for a 
current study and recommendation for future work. 
 
 
73 
 
REFERENCES 
 
 
 
 
Aaron, D. and Tsouris, C. (2005). Separation of CO2 from flue gas: A review.  
Separation Science Technology. 40, 321-348 
Abdel-Raouf, M. E. (2012). Factors Affecting the Stability of Crude Oil Emulsions 
In Abdel-Raouf, M. E. (Ed.). Crude Oil Emulsions- Composition Stability 
and Characterization. (183-204). Egypt: InTech. 
Ackley, M., Rege, S. U. and Saxena, H. (2003). Application of Natural Zeolites  
in the Purification and Separation of Gases. Microporous and Mesoporous 
Materials. 61 (1-3), 25-42.  
Ahmad, A. L., Kusumastuti, A., Derek, C. J. C., Ooi, B.S. (2011). Emulsion liquid  
membrane for heavy metal removal: An overview on stabilization and 
destabilization. Chemical Engineering Journal. 171, 870-882. 
Aliabadi, Z., Hassan, Mirzaei, Somaye (2009). Using Mixed Amine Solution for Gas  
Sweetwning. World Academy of Science and Technology. 
Alvis, R. S., Hatcher, N. A. and Weiland, R. H. (2012). CO2 Removal from  Syngas  
Using Piperazine-Activated MDEA and Potassium Dimethyl Glycinate. 
Nitrogen+Syngas 2012. 20-23 February.  Athens, Greece. 
Ansel, C., Allen, L. V. and Popovich, N. G. (2005). Disperse systems –  
Pharmaceutical Dosage Forms & Drug Delivery Systems. (8th ed.). Lippincot 
Williams and Wiklkins, Philadelphia. 
Arifin, M. A. (2009). Experimental Study on Acid Gas Removal Using Absorption- 
Adsorption Unit. Bachelor’s Degree Thesis. Universiti Malaysia Pahang. 
Aroua, M. K., Haji-Sulaiman, M.Z., and Ramasamy, K. (2002). Modelling of carbon  
dioxide absorption in aqueous solutions of AMP and MDEA and their blends   
using Aspenplus. Separation and Purification Technology. 29, 153-162. 
74 
 
Auflem, I. H. (2002). Influence of Asphaltene Aggregiation and Pressure on Crude  
Oil Emulsion Stability. Norwegian University of Science and Technology. 
Doktor Ingenior Thesis. 
Baker, J. T. and Allen Jr., L. H. (1994). Assessment of the impact of rising carbon   
dioxide and other potential climate changes on vegetation. Environmental 
pollution. 83, 223-235. 
Barad, J. M., Chakraborty, M. and Bart, H. (2010). Stability and Performance Study  
of Water-in-Oil-in-Water Emulsion: Extraction of Aromatic Amines. 
Industrial and Engineering Chemistry Research. 49, 5808-5818. 
Basualto, C., Poblete; M., Marchese, J.; Ochoa, J.; Acosta; A., Sapag; J., Valenzuela,  
F (2006). Extraction of cadmium from aqueous solutions by emulsion liquid
  membranes using a stirred transfer cell contactor.  Journal of the Brazilian
  Chemical Society. 17, 1347-1354. 
Bhatti, I. (2011). Separation of Carbon Dioxide from Natural Gas by Emulsion  
Liquid Membrane in Rotating Disc Contactor. Ph. D. Thesis. Universiti 
Teknologi Malaysia. 
Bhown, A.S. and Freeman B.C. (2011). Analysis and Status of Post-Combustion  
Carbon Dioxide Capture Technologies. Environmental Science Technology.  
 45(20), 8624-8632. 
Bjokegren, S. and Karimi, R. F. (2012). A Study of the Heavy Metal Extraction  
Process Using Emulsion Liquid Membranes. Master Thesis. Chalmers  
University of Technology Sweden. 
Breembroek, G. R. M., Witkamp, G. J. and Van Rosmalen, G. M. (2000). Separation  
Science and Technology. 35(10), 1539-1571. 
Carapellucci, R. and Milazzo, A. (2003)  Membrane systems for CO2 capture and  
their integration with gas turbine planes, Proceedings of the Institute of 
Mechanical Engineering Part A: Journal of Power Energy 217, 505. 
Chakraborty, M., Bhattacharya, C. and Datta, S. (2010). Emulsion Liquid   
Membranes: Definitions and Classification, Theories, Module Design, 
Applications, New Directions and Perspective. India: Elsevier. 141-197 
Chakravarti, A.K., Chowdhury, S.B. and Mukherjee, D.C. (2000). Liquid membrane  
multiple emulsion process of separation of copper(II) from waste waters. 
Colloids Surf. A, 166, 7-25. 
 
75 
 
Chankuya, B. S. and Rastogi N. K. (2013). Extraction of alcohol from wine and color  
extracts using liquid emulsion membrane. Separation and Purification 
Technology. 105, 41-47. 
Chiha, M., Samar, M. H. Hamdaoui, O. (2006). Extraction of Chromium (VI) From  
Sulphuric Acid Aqueous Solutions by a Liquid Surfactant Membrane (LSM). 
Desalination. 194, 69-80. 
Chowdury, D. R., Sarkar, S. C. (2016). Application of pressure swing adsorption  
cycle in the quest of production of oxygen and nitrogen. International  
Journal of Engineering Science and Innovation Technology. 5, 64-69. 
Dolmat, N. (2014) Carbon Dioxide Removal Using Methyldiethanolamine and  
Piperazine in Emulsion Liquid Membrane. Master Thesis. Universiti 
Teknologi Malaysia;  
Ebenezer, S. A. and J. S. Gudmunsson (2006). Removal of Carbon Dioxide from  
Natural Gas for LPG Production, In: carbon dioxide removal processes. 
Institute of Petroleum Technology Norwegian, University of Science and 
Technology Trondheim Norway. 
Fan, Y., Lively, R. P., Labreche, Y., Raezei, F., Koros, W. J., Jones, C. W. (2014).  
Evaluation of CO2 adsorption dynamics of polymer/silica supported 
poly(ethyleneimine) hollow fibre sorbents in rapid temperature swing 
adsorption. International Journal of Greenhouse Gas Control. 21, 61-71. 
Feng, Z., Cheng-Gang, F., You-Ting, W., Yuan-Tao, W. (2010). Absorption of CO2  
in the aqueous solutions of functionalized ionic liquids and MDEA. Chemical 
Engineering Journal. 160, 601-607. 
Gan, Q., Zou, Y., Rooney, D., Nancarrow, P., Thompson, J., Liang, L. and Lewis, M.  
(2011). Theoretical and Experimental Correlations of Gas Dissolution, 
Diffusion, and Thermodynamic Properties in Determination of Gas 
Permeability and Selectivity in Supported Ionic Liquid Membranes. Advances 
in Colloid and Interface Science. 164, 45-55. 
Geankoplis, C., J. (2003). Transport Process and Separation Process and Separation  
Process principles. Perason Education International (4th Edition). University 
of Minnesota. New Jersey, United States. 
Gunasekaran, P., Veawab, A. and Aroonwilas, A. (2013). Corrosivity of Single and  
Blended Amines in CO2 Capture Process. Energy Procedia. 2094-2099. 
 
76 
 
Hancocks, R. D. (2011). Controlled Emuslsification Using Microporous Membranes.  
Ph. D. University of Birmingham;  
Harlick, P. J. E. and Tezel, F. H. (2004). An Experimental Adsorbent Screening  
Study for CO2 Removal From N2. Microporous Materials. 76 (1-3), 71-79. 
Hart, A., Gnanendran, N. (2009). Cryogenic CO2 capture in natural gas. Energy  
Procedia. 1, 697-706. 
Hasan, M. A., Selim, Y.T and Mohamed, K. M. (2009). Removal of Chromium from  
Aqueous Waste Solution Using Liquid Emulsion Membrane. Journal of  
Hazardous Materials. 168, 1537-1541. 
Hendriks, C. (1995). Energy Conversion: CO2 removal from caol-fired power plant.  
Klewer Academic Publisher. Netherlands. 
Hermann, W., Bosshard, P., Hung, E., Hunt, R., Simon, AJ., (Spring 2005). An   
Assesment of Carbon Capture Technology and Research Opportunities. 
Technical Assesment Report. Stanford University. 
Iarikov, D. D., Hacarlioglu,  P. and Oyama, S. T. (2011). Supported Room  
Tempearature Ionic Liquid Membranes for CO2/CH4 Separation. Chemical 
Engineering Journal. 166, 401-406. 
Ishibashi, M., Otake, K., Kanamori, S., and Yasutake, A. (1998). Study on CO2  
Removal Technology from Flue Gas of Thermal Power Plant by Physical 
Adsorption Method. In Riemer, P., Eliasson, B., and Wokaun, A. (Eds.). 
Greenhouse Gas Control Technologies. (pp 95-100). Kidlington, UK: 
Elsevier Science, Ltd. 
James, H. (2005). Composite Product. U.S. Patent No. US6893751. James Hardie  
Research Pty. Limited: U.S. Patent 
Jiang, G., Huang, Q., Kenarsari, S. D., Hu, X. Russell, A. G., Fan, M. and Shen, X.  
(2015). A New Mesoporous amine-TiO2 based pre-combustion CO2 Capture 
Technology. Apllied Energy. 147, 214-223. 
Kakoi, T., Goto, M., Kondo, K., and Nakashio, F. (1993) Extraction of palladium by  
liquid surfactant membranes using new surfactant. Journal of Membrane 
Science 84 (3), 249-258. 
Kamarudin, K.S.N., Bhatti, I., Suahadah, S. N., Hamzah, U.N., Mohd Faiz, Z.F.  
(2014). Removal of Carbon Dioxide Using Water-in-Oil Emulsion Liquid 
Membrane Containing Triethanolamine. Journal of Applied Science 
Research. 14(13), 1470-1480. 
77 
 
Kandwal, P. and Mohapatra, P. K. (2013). A Novel Liquid Emulsion Membrane  
Containing TODGA as the Carrier Extractant for Am Recovery from Acidic 
Wastes. Separation Science and Technology. 48(8), 1167-1176. 
Kankekar, P.S., Wagh, S.J. and Mahajani, V.V. (2010). Process Intensification in  
Extraction by Liquid Emulsion Membrane (LEM) Process: A Case Study, 
Enrichment of Ruthenium from Lean Aqueous Solution. Chemical and 
Engineering Processing. 49, 441-448. 
Kargari, A., Kaghazchi, T., and Soleimani, M. (2003). Role of Emulsifier in the  
Extraction of Gold (III) Ions from Aqueous Solutions Using the Emulsion 
Liquid Membrane Technique. Desalination. 162, 237-247. 
Khalili, F., Henni, A. and East, A. L. L. (2009). pKa Values of Some Piperazine at  
(298,303,313,323) K. Journal of Chemical Engineering Data. 54, 2914-2917.  
Kislik, V. S. (2010). Introduction, General Description, Definitions, and   
Classification. Overview. Liquid Membranes Principle and Application in 
Chemical Separations and Wastewater Treatment. (pp. 1-15). Jerusalem. 
Elsevier. 
Kislik, V. S. (2010). Introduction, General Description, Definitions, and   
Classification. Overview. Liquid Membranes Principle and Application in 
Chemical Separations and Wastewater Treatment. (pp. 1-15). Jerusalem. 
Elsevier. 
Kislik, V. S. (2010). Supported Liquid Membranes and Their Modifications:  
Definition, Classification, Theory, Stability, Application and Perspective. In 
P. Dzygiel, P.P. Wieczorek. Liquid Membranes Principle and Application 
inChemical Separations and Wastewater Treatment. (pp. 73-140). Jerusalem. 
Elsevier. 
Kiss, N., Brenn, G., Pucher, H., Wieser, J., Scheler, S., Jennewin, H., Suzzi, D.,  
Khinast, J. (2011). Formation of O/W Emulsion by Static Mixers for 
Pharmaceutical Applications. Chemical Engineering Science. 5084-5094. 
Kladkew, N., Idem, R., Tontiwachwuthikul, P., Saiwan, C. (2011). Studies on  
Corrosion and Corrosion Inhibitors for Amine Based Solvents for CO2 
Absorption from Power Plant Flue Gases Containing CO2, O2 and SO2. 
Energy Procedia. 4, 1761-1768. 
Krull, F. F., Fritzmann, C. Melin T. (2008). Liquid membranes for gas/vapor  
separations. Journal of Member Science. 325, 509-519. 
78 
 
Krupa, S. V. and Kickert, R. N. (1989). The Greenhouse Effect: Impacts of
 Ultraviolet-B (UV-B) Radiation, Carbon Dioxide (CO2), and Ozone (O3) on  
Vegetation. Environmental Pollution. 61, 263-393. 
Kulkarni, P. S., Tiwari, K. K., and Mahajani, V. V. (2000). Membrane Stability and  
Enrichment of Nickel in Liquid Emulsion Membrane Process. Journal of 
Chemical Technology and Biotechnology. 75(7), 553-560. 
Kulkarni, P. S., Mukhopadhyay, S., Bellary, M. P. and Ghosh, S. K. (2002). Studies  
on Membrane Stability and Recovery of Uranium (VI) from Aqueous 
Solutions Using a Liquid Emulsion Membrane Process. Hydrometallurgy. 64, 
49-58. 
Kumbasar, R. A. (2008). Selective Separation of Chromium (VI) From Acidic  
Solutions Containing Various Metals Ions through Emulsion Liquid 
Membrane Using Tricotylamine as Extractant. Separation and Purification 
Technology. 64, 56-62. 
Leung, D., Y., C., Caramanna, G., and Maroto-Valer, M. M. (2014). An Overview of  
Current Status of Carbon Dioxide Capture and Stoage Technologies. 
Renewable and Sustainable Energy Reviews. 39, 426-443.  
Li, N. N. (1998). Separating Hydrocarbons with Emulsion Liquid Membranes, US  
Patent No. 3,410,794.119. Exxon Research and Engineering Company; U.S. 
Patent. 
Liang, Z. W., Gao, H. X., Rongwong, W., Na, Y. Q. (2015). Comparative studies of  
stripper overhead vapor integration based configurations for post-combustion 
CO2 capture. International Journal Greenhouse Gas Control. 34, 75-84. 
Lin, C. C., Long, R. L. (1997). Removal of nitric acid by emulsion liquid membrane:  
Experimental results and model prediction. Journal of Membrane Science. 
134, 33-45. 
Mandal, B.P. and Bandyopadhyay, S.S. (2006). Absorption of Carbon Dioxide Into  
Aqueous Blends of 2-Amino-2-Methyl-1-Propanol and Monoethanolamine. 
Chemical Engineering Science. 61, 5440- 5447. 
Meisen, A. and Shuai, X. (1997). Research and Development Issues in CO2 Capture.  
Energy Conversion Management. 38, 37-42.  
 
 
 
79 
 
Mermam, A, “Adsorption” In Ullmann’s Encyclopedia Of Industrial Chemistry, Vol.  
B3, Pp. 9-1 To 9. 52, Vch Publishers, New York, 1988. Meyers, R. A. (2001). 
Chemical Engineering. Encyclopedia of Physical Science and Technology   
(3rd edition), Ramtech, Inc. California. 
Mores, P., Scennna, N., Musatti, S. (2011). Post-combustion CO2 capture:
 Equilibrium stage mathematical model of the chemical absorption of CO2  
into monoethanolamine (MEA) aqeous solution. Chemical Engineering 
Reseacrh and Design. 89, 1587-1599. 
Moris, M. A., Diez, F. V., Coca, J. (1997). Hydrodynamics of a rotating disc  
contactor. Separation Purification Technology. 11, 79-92. 
Mortaheb, H.R., Nozaeim, A.A., Mafi, M., and Mokhtarani. B. (2012). Absorption of
 carbon dioxide in emulsion of aqueous monoethanolamine/diethanolamine  
solutions in kerosene/n-heptane. Chemical Engineeering Science. 82, 44-51. 
 Na, B. K., Koo, K. K., Eum, H. M., Lee, H. and Song, H. K. (2001). CO2 Recovery  
form Flue Gas by PSA Process Using Activated Carbon. Korean Journal  
Chemical Engineering. 28(2), 220-227. 
Ogawa, Y., Yamamoto, M., Okada, H., Yashiki, I., and Shimamoto, T. (1988). A  
new technique to efficiently entrap leuprolide acetate into microcapsules of 
polylactic acid or copoly (lactic/glycolic) acid. Chemical Pharmacy Bulletin. 
36, 1095-1103. 
Olajire, A. A. (2010). CO2 capture and separation technologies for end-of-pipe  
applications-A review. Energy. 35, 2610-2628. 
Othman, N., Mat, H. and Goto, M. (2006). Separation of Silver from Photographic  
Wastes by Emulsion Liquid Membrane System. Journal of Membrane 
Science. 282(1-2), 171-177. 
Park, S. W., Choi, B. S., Kim, S. S., Lee, J. W., (2007). Chemical Absorption of  
Carbon Dioxide into Aqueous Colloidal Silica Solution Containing 
Monoethanolamine. Journal of Industrial Chemical Engineering. 133-142. 
Park, S. (2006). Development And Optimization Of Novel Emulsion Liquid  
Membranes Stabilized By Non-Newtonian Conversion In Taylor-Couette 
Flow For Extraction Of Selected Organic And Metallic Contaminants. Ph. D. 
Thesis. Georgia Institue of Technology. 
Polasek J.C, Gustavo A. I,. (1992). Using Mixed Amine Solutions for Gas
 Sweetening. ,Bryan Research & Engineering , Inc., 
80 
 
Perera, J. M. and Stevens, G. W. (2009). Spectroscopic Studies of Molecular  
Interaction at the Liquid-Liquid Interface. Analytical & Bioanalytical 
Chemistry. 395, 1019-1032. 
Raganati, F., Ammendola, P., Chirone, R. (2014). CO2 adsorption on fine activated  
carbon in a sound assisted fluidized bed: Effect of sound intensity and 
frequency, CO2 partial pressure and fluidization velocity. Applied 
Energy.113, 1269-1282. 
Rao, A. B., Rubin, E. S. (2002). A technical, economic, and environmental  
assessment of amine-based CO2 capture technology for power plant  
greenhouse gas control. Environmental Science and Technology. 36, 4467- 
4475. 
Reman, G. H. and Olney, R. B. (1955). The Rotating Disk Contactor- A New Tool  
for Liquid-Liquid Extraction. Chemical Engineering Progress, 51, 141. 
Rufford, T. E., Smart, S., Watson, G. C. Y., Graham, B. F., Boxall, J., Diniz da  
Costa, J. C., May, E. F. (2012) The removal of CO2 and N2 from natural gas: 
A review of conventional and emerging process technologies. Journal of 
Petroleum Science and Engineering. 94-95, 123-154. 
Sabry, R., Hafez, A., Khedr, M. and Hassanim, A. E. (2007). Removal of Lead by  
An Emulsion Liquid Membrane. Desalination. 212, 165-175. 
Salako, A.E. (2205). Removal of Carbon Dioxide from Natural Gas for LNG  
Production. Semester Project Work. Norwegian University of Science and 
Technology. Institute of Petroleum Technology. 
Samanta, A., Bandyopadhyay, S. S. (2009). Absorption of carbon dioxide into  
aqueous solutions of piperazine activated 2-amino-2-methyl-1-propanol. 
Chemical Engineering Science. 64, 1185-1194. 
Saravanan, S., Begum, K. M. M. S. and Anantharaman, N. (2006). Removal of  
Hexavalent Chromium by Emulsion Liquid Membrane Technique. Journal of 
The University of Chemical Technology and Metallurgy. 41(3), 333-342. 
Sartori G, Savage DW. (1983). Sterically Hindered Amines for CO2 Removal from  
Gases. Ind Eng Chem Fundam; 22: 239- 249. 
Sema, T., Naami, A., Fu, K., Edali, M., Liu, H., Shi, H., Liang, Z., Idem, R.,  
Tontiwachwuthikul, P. (2012). Comprehensive Mass Transfer and Reaction 
Kinetics Studies Of CO2 Absorption Into Aqueous Solutions Of Blended 
MDEA/MEA. Chemical Engineering Journal. 209, 501-512. 
81 
 
Sengupta, B., Sengupta, R. and Subrahmaynam, N. (2006). Process Intensification of  
Copper Extraction Using Emulsion Liquid Membranes: Experimental Search 
for Optimal Conditions. Hydrometallurgy. 84, 43-53. 
Shere, A. J. and Cheung, H. M. (1998). Effect of Preparation Parameters on Leakage  
in Liquid Surfactant Membrane Systems. Separation Science and 
Technology. 23, 687-701. 
Skelland, A.H.P., Meng, X. (1999). Non-Newtonian conversion solves problems of  
stability, permeability, and swelling in emulsion liquid membranes. Journal 
of Membrane Science 158, 1. 
Surh, J., Vladisavjevic, G. T., Mun, S., McClements, D. J. (2007). Preparation and  
Characterization of Water/Oil and Water/Oil/Water Emulsion Containing 
Biopolymer-Gelled Water Droplets. Agricultural and Food Chemistry. 55, 
175-184. 
Teramoto M, Takeuchi N, Maki T, Matsuyama H (2001) Gas separation by liquid  
membrane accompanied by permeation of membrane liquid through 
membrane physical transport. Separation and Purification Technology. 24: 
101-112. 
Tobin, J., Shambaugh, P., and Mastrangelo, E. (2006). Natural Gas Processing: The  
Crucial Link Between Natural Gas Production and Its Transportation to 
Market. Energy Information Administration, Office of Oil and Gas. 
Washington D.C. 
Valenzuela, F., Araneda, C., Vargas, F., Basualto, C. ans Sapag, J. (2009). Liquid  
Membrane Emulsion Process for Recovering the Copper Content of Amine 
Drainage. Chemical Engineering Research and Design. 87, 102-108. 
Veawab A. and Aroonwilas A. (2002). Identification of oxidizing agents in aqueous  
amine- CO2 systems using a mechanistic corrosion model. Corrosion 
Science, 44, 967-987. 
Wan, Y. and Zhang, X. (2002). Swelling Determination of W/O/W Emulsion Liquid  
Membrane. Journal of Membrane Science. 196, 185-201. 
Wang, M., Lawal, A., Stephenson, P., Sidders, J., Ramshaw, C., Yeung, H. (2011).  
Post combustion CO2 capture with chemical absorption: A State-of-the-art 
Review. Chemical Engineering Research and Design, Volume 89, Issue 9. 
1609-1624. 
 
82 
 
Wattanaphan, P., Sema, T., Idem, R., Liang, Z., Tontiwachwuthikul, P. (2013).  
Effects of flue gas composition on carbon steel (1020) corrosion in MEA 
based CO2 capture process. International Journal of Greenhouse Gas 
Control. 19, 340-349. 
Wilke, C.R. and Chang, P. (1995). An American Institute Chemical Engineers  
Journal. 1, 264. 
Yang, F., Niu, Q., Lan, Q. and Sun, D. (2007). Effect of dispersion pH on the  
formation and stability of pickering emulsions stabilized by layered double 
hydroxides particles. Journal of Colloid and Interface Science. 306(2), 285-
295. 
Yang, H., Xu, Z., Fan, M., Gupta, R., Slimane, R. B., Bland, A. E., Wright, I. (2008).  
Progress in carbon dioxide separation and capture: A review. Journal of 
Environmental Sciences. 20, 14-27. 
Yeo, Z. Y., Chew T. L., Zhu, P. W., Mohamed, A. R., Chai, S. P. (2012).  
Conventional processes and membrane technology for carbon dioxide 
removal from natural gas: A review. Journal of Natural Gas Chemistry. 21, 
282-298. 
Yin, H. W., Wang, X. D., and Zhang, X. J. (1997). Treatment of high concentration  
phenolic aste water by liquid membrane with N503 as mobile carrier. Journal 
of Membrane science. 135, 263-270. 
Zanfir, M., Sun, X., Gavriilidis, A. (2007). Investigation of a rotating disc reactor for  
acetone stripping and assymetric transfer hydrogenation: Modelling and 
experiments. Chemical Engineering Science. 62, 741-755. 
Zhang, M., Guo, Y. (2013). Rate based modeling of absorption and regeneration for  
CO2 capture by aqueous ammonia solution. Applied Energy. 111, 142-152. 
Zhao, B., Sun, Y., Yuan, Y., Gao, J., Wang, S., Zhuo, Y., Chen, C. (2011). Study on  
Corrosion in CO2 Chemical Absorption Process Using Amine Solution. 
Energy Procedia. 4, 93-100. 
 
